Shadowing from vehicles can significantly degrade the performance of vehicle-to-vehicle (V2V) communication in multilink systems, e.g., vehicular ad hoc networks (VANETs). It is, thus, important to characterize and model the influence of common shadowing objects like cars properly when designing these VANETs. Despite the fact that for multilink systems it is essential to model the joint effects on the different links, the multilink shadowing effects of V2V channels on VANET simulations are not yet well understood. In this paper, we present a measurement-based analysis of multilink shadowing effects in a V2V communication system with cars as blocking objects. In particular, we analyze, characterize, and model the large scale fading, both regarding the autocorrelation and the joint multilink cross-correlation process, for communication at 5.9 GHz between four cars in a highway convoy scenario. The results show that it is essential to separate the instantaneous propagation condition into line-of-sight (LOS) and obstructed LOS (OLOS), by other cars, and then apply an appropriate pathloss model for each of the two cases. The choice of the pathloss model not only influences the autocorrelation but also changes the cross correlation of the large scale fading process between different links. By this, we conclude that it is important that VANET simulators should use geometry-based models, that distinguish between LOS and OLOS communication. Otherwise, the VANET simulators need to consider the cross correlation between different communication links to achieve results close to reality.
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Digital Object Identifier 10.1109/ TVT.2017.2709258 hopefully reduce the number of fatalities per year are Vehicleto-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) communications, which have been introduced, and standardized [2] . This V2V and V2I communication will also help to increase traffic efficiency, as well to reduce the environmental impact caused by vehicles.
In intelligent transport systems (ITS) [3] , [4] , messages are exchanged over the dedicated 5.9 GHz frequency band, based on the establishment of vehicular ad-hoc networks (VANETs), which can be highly dynamic in nature. The propagation channel at the 5.9 GHz band is considered to be one of the most critical performance limiting factors for VANETs, due to high penetration losses, high mobility of vehicles, and antennas being relatively close to the ground-level. Many studies have been performed regarding the channel characteristics of the 5.9 GHz band using channel sounding equipment as well as 802.11p transceivers [5] [6] [7] [8] [9] [10] . Based on the channel characteristics and subsequent channel models, simulations of VANETs have been performed by researchers to identify the performance of the network [8] , [11] , [12] . Previous VANET simulation studies have often used rather simplified models. The channel model is a cruicial input to the network simulator, hence it is important that the models used are close to reality.
V2V is particularly beneficial in situations where the visual line-of-sight (LOS) is obstructed by buildings or other vehicles. However, vehicles and buildings as physical obstructions induce additional propagation losses (shadow fading) by blocking the LOS signals, which in turn reduces the communication range. In such an obstructed-LOS (OLOS) or non-LOS (NLOS) situation scattering and reflections from nearby objects, e.g., buildings, traffic signs, trucks and bridges, enable the signal reception [13] . In the literature it is reported that a single vehicle on average can induce an additional shadow fading of about 10-20 dB [14] , [15] depending upon the shape, size and location of the obstructing vehicle. Moreover a few measurement results regarding obstruction by buildings in different types of street crossings and their corresponding channel models are available in [9] , [16] [17] [18] . It is important that the model incorporates the effect of buildings and vehicles as obstacles, because ignoring this can lead to an unrealistic assumptions about the performance of the physical layer, both in terms of received signal power as well as interference levels, which in turn can affect the behavior of higher layers in V2V systems. To date, in majority of the findings for V2V communications except [13] , [14] , [19] , the shadowing impact of vehicles has largely been neglected when modeling the pathloss. To explicitly characterize this impact the following categorization is defined: 1) Line-of-sight (LOS) is the situation when there is an optical line-of-sight between the transmitter (TX) and the receiver (RX) antennas. 2) Obstructed-LOS (OLOS) is the situation when the optical LOS between the TX and RX antennas is obstructed by another vehicle. 3) Non-LOS (NLOS) is the situation when a building between the TX and RX completely block the LOS (as well as many other significant multi-path components). This category is typically not found in a highway scenario. The channel properties for LOS and OLOS are distinct, and their individual analysis is required. No pathloss model, except a geometry based channel model [8] and a measurement based fading model [11] both published recently, is today available dealing with both the cases in a comprehensive way.
To generate realistic simulations of VANET performance, both a traffic and a network simulator is needed. A common, open source, traffic simulator is SUMO [20] which models vehicle positions, exact velocities, inter-vehicle spacings, accelerations, overtaking attitudes, lane-change behaviors, etc. As a network simulator platform many researchers are today using OMNeT++ [21] , also open source, which is a discrete-event network simulator supporting a variety of static or dynamic routing protocols. Both simulators are then used in the vehicular network simulator, Veins [22] . Most reported VANET simulation results have used only LOS channel models as input. One example is the model by Cheng et al. [7] which is based on outdoor channel sounding at 5.9 GHz. This model does not classify the measured data into LOS and OLOS, but it represents both small scale fading and the shadowing by the Nakagami-m model. To improve the input to VANET simulation they have in [11] defined two channel models, one for LOS and one for OLOS. Further improvement is still needed, namely to also include the cross-correlation of the different communication links as input to the VANET simulations. This is important since wireless communication systems using multihop techniques [3] , [4] , can overcome the issue with shadowed cars in V2V systems. Including the cross-correlation in VANET simulations are performed in [23] and the initial results show a significant impact on the observed protocol performance.
Most of the measurement studies have considered communication between one TX and one RX, i.e., the single link case. Only a few measurement studies have considered communication between one TX and several RX or vice versa, i.e., the multilink case. As pointed out in [24] it is essential to consider the properties of the joint shadowing process in ad hoc peer-to-peer channels. As well, the importance of the correlated link shadowing in mesh networks is shown in [25] . An extensive feasibility study regarding correlation models of shadowing are summarized in [26] and how surrounding vehicles can change the cross-correlation between two different mobile stations connected to a base station in a small cell configuration are presented in [27] . Regarding VANETs in [28] it is shown that multiple links can be highly correlated and in [29] a first step is taken to model the multilink shadowing versus distance between two receiving cars.
In this paper the multilink shadowing effects are analyzed for a use case where a car is making an emergency brake on the highway and that information is transmitted to the surrounding cars over the air. The purpose of the analysis is to model the joint shadowing process, considering both LOS and OLOS conditions, in a use case such a highway scenario for V2V channels with the help of extensive channel measurement data. The overall goal of the analysis, is also to investigate if previous multilink shadowing models used for cellular communication systems, such as the one presented in [24] , [30] , [31] , can also be applied to VANETs. With this in mind, the main contributions of the paper are: 1) estimation of pathloss model parameters for both LOS and OLOS using maximum likelihood with truncated data. 2) analysis of the autocorrelation and the cross-correlation of the large scale fading processes for concurrent communication links, i.e., the multilink case. 3) a newly developed model for the joint shadowing process, i.e., a cross-correlation model that can be used as input to VANET simulators.
The remainder of the paper is organized as follows. Section II outlines the V2V measurement test setup, the test scenario, data processing, and pathloss model. The results are presented in Section III, with focus on pathloss model parameter estimation for LOS and OLOS cases separately, auto-and crosscorrelation of the shadowing using different pathloss model as input for the large scale fading estimation. To demonstrate the implications of our models, Section IV present some examples of the impact of the auto-and cross-correlation on the fading durations. Finally, Section V concludes the paper.
II. METHOD

A. Measurement Description
Measurements were performed to capture the multilink behavior between four Volvo cars, i.e., the behavior of in total six simultaneous communication links. The cars, see Fig. 1 , were driving in the same direction on the highway Rv 40 between Landvetter airport (lat N 57.68014, long E 12.31441) and Borås city (lat N 57.71660, long E 12.91652), Sweden. Each car was equipped with a transceiver from Kapsch TrafficCom AB [32] , using the communication standard IEEE 802.11p [2] . The antennas used in the test have been developed specifically for 
. Test scenarios, Convoy A (TS A) and Convoy B (TS B)
. Volvo S60 is a compact sedan, Volvo V70 is a large station wagon, XC70 same as V70 but taller, and XC90 is a Sport Utility Vehicle (SUV). The distance between the first and second car was intentionally changed between 10 m to 1000 m. The distances between the other cars was unintentionally changed, it was the traffic situation that made these decisions. Distances are not correctly scaled. V2V communication at 5.9 GHz. Videos and GPS coordinates were recorded from each vehicle. Several measurement scenarios were tested and for each scenario there were simultaneous LOS and OLOS links.
B. Measurement Setup
Each transceiver was connected via a coaxial cable to an antenna mounted on the roof of each car, i.e., a Volvo V70 (station wagon), a XC70 (taller station wagon) and a XC90 (SUV -Sport Utility Vehicle). Inside a Volvo S60 (compact sedan) two transceivers were installed, the first one connected to an antenna mounted on the roof whereas the second one, which had antenna diversity capability, was connected to two antenna elements mounted inside the car at the front and rear windscreens. The second transceiver make it possible to analyze the performance of hidden antennas and antenna diversity. All the antenna elements were vertically polarized and approximately omni-directional in the azimuthal plane, but the antenna pattern after mounting is certainly not, as seen in Fig. 3 . During the measurements one transceiver transmitted packets, bursts of pseudo random data with size and rate according to Table I . Simultaneously all the other transceivers were recording received packets. Next, another transceiver transmitted packets and all other were recording. The hopping sequence, with the 10 Hz rate, between TX and RX states is defined in the [2] .
C. Scenario Description
While many measurements were performed under varying traffic and road conditions, one major scenario is presented and analyzed in this paper, namely a convoy scenario with two different configurations, see 
D. Data Processing
Each transceiver transmitted packets with a 10 Hz repetition rate and the transceivers reported received signal strength (RSSI) in dB with a 1 dB resolution for successfully decoded packets. All transceivers were synchronized to GPS, meaning that they had a common time reference so that the time instants where the transmission failed and the number of missing packets could be identified. In addition, the video recordings were synchronized with the transceiver log files by using the available geometric information in the videos, e.g., a bridge was used as the reference point for our measurements. By this, the videos have served as the foundation for the LOS and OLOS separation process. We define the OLOS case as when the camera in the RX car can see less then half of the TX car at the ground level.
The knowledge of the missing packets is used in the maximum likelihood (ML) based estimations of the pathloss parameters to compensate for the influence of the sensitivity level of the receiver, often due too long distances between TX and RX. The ordinary least square (OLS) estimation method does not consider this issue, i.e., when only successfully decoded packets are used in the estimation. As mentioned in [34] [35] [36] it is important to use the information regarding distances between TX and RX also for the lost packets when estimating pathloss parameters for LOS and OLOS channel models. In this paper we are using the ML estimation method described in [36] . The censoring due to lost packets does not occur at a fixed level. Instead, there is a soft censoring that occurs for data below RSSI values of −94 dBm (which is close to the sensitivity limit of the receivers specified by the manufacturer). For this reason, all data below −94 dBm are regarded as censored data in the analysis. Seldom a packet can be lost also at short distances due to destructive addition of different multipath components or interference. These lost packets are also considered in the estimation algorithm using the ML method.
To be able to estimate the pathloss parameters, all RSSI values of the communication link are compensated with respect to the TX output power, +23 dBm, and with the cable losses in respective car, see Table I . We call this resulting value the channel gain, more specifically, channel gain = RSSI − TX output power + TX cable loss + RX cable loss.
It should be noted that both the absolute values of the simultaneous signal strengths and the joint distribution of the shadow fading process and its autocorrelation function are of interest for channel characterization and performance evaluations. For this specific measured scenario, of course the received signal strengths and the estimated packet error rates can be used directly, but for a realistic channel model with arbitrary distances between the vehicles one has to separate the correlated large scale fading process and the distance dependent pathloss. The large scale fading is estimated by subtraction of the distance dependent pathloss from the channel gain value. Typically when estimating the large scale fading it is common to perform averaging of the received power over 10λ or more to reduce the effect of the small scale fading. Since our transceivers transmitted with a transmission rate of 10 Hz according to [2] we received a packet approximately every 50λ at 25 m/s. Every RSSI value is influenced by the relative distance between TX and RX, as well the small and large scale fading effects. For the best trade off between reducing the small scale fading and the sampling rate in time, we collected the channel gain values in 0.4 second bins and calculated the average channel gain for each bin. The influence of obstruction by other cars is considered as a random time-correlated part of the large scale fading process.
E. Pathloss Model
As pointed out in [8] , [11] it is crucial to distinguish between LOS and OLOS communication, by using different pathloss models for LOS and OLOS, when performing VANET simulations to get results closer to reality. A classical pathloss model for both LOS and OLOS is the log-distance power law model with a single slope. In units of dB, the single slope model can be written as where d is the distance, α is the pathloss exponent, P L(d 0 ) is the pathloss at a reference distance of d 0 =10 m and Ψ σ s in g le is a random variable that describes the large scale fading about the distance-dependent mean pathloss. From our measurements the single slope fits well to the OLOS case, see Fig. 7 . A dual slope model [7] have been investigated. However, due to the low number of samples at larger distances for some of the OLOS communication links, the estimated pathloss model will not be physically correct. For the LOS case the data has a clear two-ray behavior, as seen in Fig. 6 .
While previous work has concluded that LOS links can be modeled well with a two-ray ground reflection model [37] , we provide further analysis to account for differences in antenna patterns [38] , car bodies, and antenna patterns. The general two-ray pathloss model is based on the simple geometrical setup shown in Fig. 4 , and is given by 1
where √ ge jφ is the combined effect of the complex amplitude gains of the TX and RX antennas in the directions of the LOS and the ground reflection components, respectively, such that
√ g gr e jφ g r = G Tx gr G Rx gr e j(φ T x g r +φ R x g r ) .
Ideally, the variables in (2) and (3) should be included in the estimation based on accurate 3-D measurement data of the complex antenna response for each antenna. However, as we currently do not have access to such measurements, nor the angle of arrival or departure. We instead use a modified version of this model, where we only use fixed average values of the combined antenna gains for the LOS and ground reflection components, respectively. These are denotedḡ LOS andḡ gr . By factoring out the term for the combined antenna response of the LOS component, with Δφ = φ gr − φ LOS , we can rewrite the two-ray pathloss model as The parameter k = 2π/λ is the wavenumber, and the propagation distances for the LOS and ground reflection components are given by
The effective ground reflection coefficient is then given by
for vertical and horizontal polarization, respectively, where
In (7), r is the relative effective complex permittivity of the ground. We here assume that the electrical properties of this ground reflection can be approximated by a single fixed effective permittivity value, which we model as r = − j = 5 − j0.2, based on the results in [39] . Here, we note that the estimation results were not affected much when considering different possible values of r within the ranges presented in [39] . The large scale fading of the two-ray model is for simplicity also assumed to be normal.
III. RESULT AND DISCUSSION
A. Pathloss Model Estimation
In total 18 communication links have been investigated and the estimated parameters for the two-ray model (LOS case) and the single slope model (OLOS case) are found in Table II . In TS A six links, all using the roof antennas, are presented and in TS B twelve links are presented. In TS B all three antennas on the S60 are presented, front windscreen (S60F), roof (middle) antenna (S60M), and rear windscreen (S60R). The number of data samples used for the estimation is m, and out of these samples, m c is the number of censored samples which are also used for the estimation. The minimum and maximum distance (≤1000 m) between TX and RX are, d min and d max respectively. As mentioned before regarding the two-ray model,ḡ LOS andḡ gr are the combined antenna gains for the TX and RX antennas in the direction of the LOS and ground reflection components, respectively, and, Δφ is the combined (TX and RX) antenna phase response between the LOS and ground reflection component. For the LOS case, the following two-ray parameters of (4) are being estimated using the ML method:ḡ LOS ,ḡ gr /ḡ LOS , Δφ and the large scale fading standard deviation, σ. For the OLOS case, the following parameters in (1) are estimated using ordinary least squares: the pathloss at a reference distance of 10 m, P L(d 0 ), the pathloss exponent, α, and the large scale fading standard deviation, σ.
Here, we note that the uncertainty (more specifically, the standard error) of the estimated parameters depend on the number of samples, the measurement sample distances, the amount of censored samples as well as the pathloss model and its parameters [40] . Furthermore, the effective number of samples are likely reduced due to correlated large scale fading samples that are measured closely in time. The standard errors are different for the two-ray model and the single slope pathloss model. For these reasons, we stress the importance of having a large sample size, and sample distances that are rather evenly distributed, to achieve accurate estimates. In this paper, we have not derived the standard errors of the estimates for each measurement link, but leave that for future work. Instead, as a rule of thumb, we require that d max /d min ≥ 10, the data samples to some extent shall be evenly distributed in between d min and d max with no big gaps and that the number of samples is greater than 1000. Estimated values in black color in Table II fulfill these input requirements and estimated values in red do not. As an example, the communication from XC70 to S60 in TS A fulfill these criteria. In Fig. 5 the distances between the two cars are shown as a function of time. The measured channel gain and estimated pathloss model for LOS and OLOS data is shown as a function of distance in Figs. 6 and 7 , respectively. Here, joint single slope refers to the pathloss model using the ML estimation method that was previously presented in [28] using the same measurement data, that was based on all communications links from both TS A and TS B, where as the model did not distinguish between LOS and OLOS.
B. Shadow Fading Autocorrelation
The cars in the VANET will shadow each other from time to time. Once a car is shadowed, it will be so for some time interval or corresponding traveled distance interval. In general one could say that, with correlated links, if one packet fails there is a higher probability that the next packet will fail as well , which affects the performance of relaying and repetition schemes. The shadow fading autocorrelation is in general a function of time and space. However, estimating the autocorrelation as a function of both the time and the exact locations at both the TX and RX requires many more points than what is typically obtained during field measurements [26] . Instead, we follow a more feasible approach of modeling the shadow fading autocorrelation as a function of distance. This is a common approach in V2V channel characterization and also has the benefit of making it easier to implement V2V channels in network simulators. Using the measured instantaneous velocities of each car, we have calculated the absolute distances traveled for each car. Since both the RX and the TX cars are moving, i.e., both ends of the communication link are moving, the traveled distance is d i =v i t, wherev i is the average of the instant velocities of the RX and the TX cars and t is 0.4 s, i.e., the averaging bin size to reduce small scale fading effects. For a given link, the distance traveled during each recorded measurement sample is gathered in the vector d, with elements d 1 < d 2 < d 3 < . . . < d N . These distances are irregularly sampled, and therefore we estimate the sample autocorrelation based on distance bins, Δd bin . The size of the distance bins, Δd bin , are calculated as the average velocity during the test scenario for the specific link times 0.4 s. Fig. 8 . Autocorrelation functions for the large scale fading, both measurements and models according to (13) and (14) of the communication link XC70 to XC90 in test scenario A, and for both LOS and OLOS cases.
The sample autocorrelation of the kth (k ≥ 0) distance bin is then calculated as Here, X(d) is the measured pathloss at distance d and andμ(d) is the estimate of the average pathloss at distance d, given by the deterministic part of the estimated pathloss model. I k is an indicator function given by
and N k is the number of samples included in the calculation for the kth distance bin. In our case, there are no samples between 0 < Δd bin ≤ 1/2. Lastly,σ 2 is the estimated variance of the large scale fading, given bŷ
The autocorrelation of the shadowing process can be approximated by a well-known model proposed by Gudmundson [41] , based on a negative exponential function,
However, as Fig. 8 shows, the negative exponential model does not fit very well for the OLOS case of the communication link XC70 to XC90 in TS A. This situation has been observed for some other links as well. Therefore, we also model the autocorrelation using a sum of two negative exponential functions,
which is proposed in [42] . For (13) we focus our attention to modeling the initial decay and therefore values of 0 ≤ Δd ≤ 100 m was used as an input to the ordinary least square estimator of (13) . For (14) , values of 0 ≤ Δd ≤ 500 m was used as input to the minimum mean square error estimator. The de-correlation distance, d c , is estimated for all communication links in TS A and all links using the middle antenna on the S60 in TS B, and the values are presented in Table III . Due to space constrains and that the majority of the links using front and rear windscreen antennas in TS B do not fulfill the criteria d max /d min ≥ 10, the de-correlation distance, d c is not presented for these links. The parameters used in (14) , the de-correlation distances, d c1 , d c2 , and the weight factor, r, are estimated on the same links as on (13) , which are presented in the Table IV . The estimated parameters on the two autocorrelation models are both based on the two-ray pathloss model for the LOS case and on the single slope pathloss model for the OLOS case. An interesting finding regarding analysis of the autocorrelation of the shadow fading process is the different shapes of the curves when using different pathloss models as input to the large scale fading estimation. Fig. 9 shows the behavior for two different links in TS A. The figure shows clearly the large impact the chosen pathloss model has on the autocorrelation function. A joint single slope pathloss model for LOS and OLOS cases as in [28] results in high correlation at large value on Δd. The reason behind this is that the large scale fading of the two links will have an offset relative to the joint pathloss model due to the differences in the antenna gain patterns for the various links. The joint model is also inaccurate for the LOS case due to its tworay behavior. Each link is compensated for TX-power and the cable losses in each car of the link, but the antenna gain cannot be compensated due to the fact that the antennas are not omnidirectional and that the angle of departure and arrival cannot be estimated in our test setup. Modeling every link individually, as well LOS and OLOS separately, by using a single slope pathloss model, improves the situation. The OLOS becomes less biased or almost zero depending on which of the 18 links that is analyzed but for the LOS case the standard deviation is still large on the large scale fading. Using the two-ray pathloss model for the LOS case improves the situation, the standard deviation on the large scale fading decreases and the correlation reduces dramatically.
C. Multilink Shadowing Correlation
Multilink shadowing is a complex mechanism in both time and space, and there might be some non-negligible crosscorrelation of the shadowing process when two RX cars receive the same message from one TX car in the VANET. The goal is to find a simple model that can describe the joint shadowing correlation between two communication links by the distance between the two RX cars, Δd RX , driving on the highway. In the literature the shadow fading cross-correlation have often been modeled as function of only space, [26] , [30] , often using a negative exponential model for cellular systems [24] , [30] , [31] , with unit correlation at Δd RX = 0. This kind of negative exponential model is not applicable in our case, due to the differences antenna gain patterns between different cars. If the antenna patterns were very similar, e.g., with dipole antennas located 2 meters above the car roofs, one would expect a crosscorrelation close to one at Δd RX = 0. A special case is with two RX antennas on the same car. The S60 car in our measurement had three different antennas (Front, Middle, and Rear) with very different antenna patterns, see Fig. 3 . A TX car was transmitting a signal to two different antennas on the S60. In total, nine different communication links are analyzed regarding the sample cross-correlation (15) . The ρ in these nine cases are between -0.03 to 0.38 with one outlier at 0.75. For the link pair, V70 to S60 front antenna (S60F) and V70 to the S60 middle antenna (S60M) a scatter plot of the large scale fading is shown in Fig. 10 .
To have a large sample size for the estimation of ρ, the basis of the measured data is the following four link pairs: 1) TS A, XC70 to XC90 and XC70 to V70. 2) TS A, V70 to S60M and V70 to XC70. 3) TS B, XC70 to XC90 and XC70 to S60. 4) TS B, S60M to V70 and S60M to XC70. The Δd RX was grouped into subgroups of 10 m (Δd sub = 0-10 m, 10-20 m, ...). The size of Δd RX is chosen to have a large enough sample size within each bin, while maintaining a small enough bin size. For each subgroup the cross-correlation of the large scale fading (X(d i ) −μ(d i )) between all links with the largest distance between TX and RX vs. the large scale fading (Y (d i ) −μ(d i )) links with the shortest distances were estimated using the sample correlation, Fig. 11 . Measured cross-correlation of the large scale fading as a function of the distance between two RX cars, Δd R X , and the ordinary least square best fit. Two curves are presented: 1) a joint pathloss model [28] for all communication links, including LOS and OLOS, are used in the large scale fading estimation 2) a pathloss model estimated for each link, and for LOS and OLOS separately.
where n is the number of elements within the specific subgroup.
As in the estimation of the autocorrelation on large scale fading, X(d) is the measured pathloss at distance d and andμ(d) is the estimate of the average pathloss at distance d, given by the deterministic part of the estimated pathloss model. Finally,σ X (and the correspondingσ Y ), is the estimated standard deviation of the large scale fading, given bŷ
As described earlier a negative exponential model is not applicable in our case and therefore a simple linear regression model is used to model ρ as a function of Δd RX ,
Equation (17) is used when using a joint single slope pathloss model for all communication links including LOS and OLOS cases [28] when estimating the large scale fading. The equation (18) is used when each link, with separated LOS and OLOS data, is represented by its own pathloss model when estimating the large scale fading, two-ray for LOS and single slope for OLOS. Only Δd RX between 25 m to 115 m is used as input to the ordinary least square estimator since small distances are affected to a large degree by the differences of the antenna gain patterns and at large distances the sample size is too small. Hence, the model is only valid up to 120 m. Fig. 11 shows the cross-correlation vs. distance between the RX cars for the two cases. The figure also shows the large difference on the slopes of the two curves between the two cases. Table II and the autocorrelation model (14) using the parameters in Table IV . The joint model is based on the results in [28] , with a de-correlation distance of d c = 1500 m for the autocorrelation. The same models without any autocorrelation are shown as reference.
Even though we are presenting a linear model we are using the de-correlation distance defined in [41] , i.e., ρ(Δd RX ) = 1/e. Applying the joint single slope pathloss model [28] as the basis for the large scale fading on (17) results in a de-correlation distance of 91 m. Using the two-ray pathloss model for LOS and the single slope model for OLOS, each link separately, on (18), the de-correlation distance is only 24 m. This short de-correlation distance means that for many practical highway scenarios the cross-correlation between links can often be neglected with proper modeling and separation of LOS and OLOS situations.
IV. MODEL IMPLICATIONS
In this section, we discuss some implications of the modeling approaches and provide some simple examples to show why this is important for VANET simulators. Here, we focus on the effects of the autocorrelation on individual links, and the crosscorrelation between different links for the multi-link case. These correlations do not affect the average value of received power if the data ensemble is big enough. However, the correlations will cause the system to experience longer large-scale fading dip durations compared to the uncorrelated case. This is especially important for VANET safety applications, where the consecutive packet error rate is a critical factor. Fig. 12 shows the modeled cumulative distribution function (CDF) of the duration of large scale fading dips where the channel gain stays below −90 dB, for a single link between a XC70 and a S60. Both cars are driving at a constant speed of 25 m/s and are separated by a distance of 100 m. The results include the proposed models that distinguishes between LOS and OLOS, with pathloss and autocorrelation parameters from Tables II and IV, respectively. The model presented in [28] , which uses one joint pathloss for both LOS and OLOS, is also included. Based on the results in [28] , we have here assumed an autocorrelation parameter of d c = 1500 m, using 13. We note that the Fig. 13 . CDF of the modeled simultaneous large-scale fading dip durations (with channel gains < −90 dB), for a XC70 communicating with two different S60 cars at a distance of 100 m. A special case where Δd R X = 0 m. The model is based on the proposed models for two LOS links (top) and two OLOS links (bottom), with cross-correlation coefficients ρ = 0, 0.5, and 1.
de-correlation distance, d c , for this joint model can vary in the range from about 100 m to 3000 m. The de-correlation distances for the LOS and OLOS models are more consistent and much shorter, as shown in Tables III and IV . As a reference, these models are also presented for an autocorrelation being a single δ-function.
As seen in the figure, the autocorrelation can cause the fading dip durations to sometimes be several seconds long in this specific situation, whereas a model that does not consider any autocorrelation would rarely exhibit fading dips longer than 0.6 s. It also shows that the joint pathloss model generates much longer fading durations. This is due to the fact that the deterministic behavior of the two-ray model is not being captured by the simple joint pathloss model for all links, which can cause the de-correlation parameter to be artificially large. For some cases, it can be even larger than the value of d c = 1500 m that is used in this example [28] . Fig. 13 shows an example similar to Fig. 12 , but now for two different links, for a XC70 communicating with two different S60 cars, based on the proposed models that distinguishes between LOS and OLOS. For the two links, we consider crosscorrelation coefficients ρ = 0, 0.5, and 1. The results show the durations of simultaneous fading dips, where both links experience a channel gain below -90 dB. This is of importance for relaying techniques, since their performance depend on how often both cars experience severe fading dips at the same time. It is observed that the difference between the case with a crosscorrelation of ρ = 0.5 and the uncorrelated case is quite small. The difference is slightly more prominent for the LOS case, which is due to the two-ray fading dip that is located around the Tx-Rx distance of 100 m. Therefore, the LOS case for this example is a somewhat extreme example.
In the majority of the cases, the difference between the model with and without cross-correlation is negligible. Furthermore, we note that the impact of the cross-correlation on the simultaneous fading durations is much smaller compared to the variations caused by using the different auto-correlation parameters for different links that are provided in Tables III and IV . It is therefore possible to neglect the cross-correlation between different links when using the proposed models for LOS and OLOS for highway scenarios. This is a very useful and practical result, since it makes it much easier to implement VANET simulators for multi-link scenarios. The computational complexity could easily become an issue if the cross-correlation between a large number of links has to be considered.
V. CONCLUSION
Despite the fact that for multilink systems it is essential to model the correlation of the shadowing process for different links, VANET simulations often neglect this cross-correlation, with only a few exceptions. In this paper the importance of separating the measurement data into LOS and OLOS cases is stressed due to the distinct differences in received power as a function of distance between TX and RX. In addition, when estimating pathloss model parameters each link should be estimated separately (not all links together, which is common). An improved two-ray pathloss model for the LOS case to account for differences in antenna gains, car bodies, and antenna pattern is also presented.
We have demonstrated that the pathloss model applied has a large impact when estimating the correlation functions. It is obvious that when analyzing the de-correlation distance, the basis for the estimation of the large scale fading should be a pathloss model that accurately reflects the large scale fading mean and standard deviation for each link separately. Our findings show that a two-ray model for LOS and a single slope model for OLOS are appropriate ones. These models yield estimates for the de-correlation distance that are smaller compared to a joint pathloss model.
For the multilink shadowing effect we are presenting a simple linear regression model instead of the conventional exponential model used for cellular systems [24] , [30] , [31] , since this conventional model is not applicable in V2V scenarios due to the large differences in antenna gain patterns for different cars. Two models are presented of the cross-correlation for our test setup; one when using a joint pathloss model for all links including LOS and OLOS cases (17) , and another one when using a pathloss model for each link, as well LOS and OLOS separately (18) . We would like to point out the large difference between the two models, with the joint model having much longer de-correlation distances for both the auto-correlation and the cross-correlation.
The findings regarding pathloss models, autocorrelation behavior and the cross-correlation of the large scale fading processes stress the benefits of geometry based models for VANET simulators. This is also demonstrated by our simple examples of model implications. It is important that the geometry based models distinguish between LOS and OLOS communication and apply different pathloss models for the two cases. Otherwise the VANET simulator needs to consider the cross-correlation between different communication links i.e., implementing (17) , to achieve results close to reality. The reason behind this statement is that a de-correlation distance of 91 m is often larger than typical distances between cars on highways. As a result, the crosscorrelation between different communication links needs to be considered in the VANET simulations. For the other case, the de-correlation distance is only 24 m, and, as shown in Sec. IV, this has a very small impact on the results. Therefore, when using a geometry based model as an input to the VANET simulator, the cross-correlation can be neglected and the implementation of (18) is not necessary.
